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The  radiative  lifetime  for  several  vibrational  states  (v’»0-3)  was  measured 
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results  indicate  Ar  is  slightly  more  efficient  in  electro/ic  quenching  than 
is  He.  For  both  gases  the  quenching  rate  constants  increase  with  v',  and 
the  rates  become  competitive  with  the  radiative  decay^ate  for  pressures  in 
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I.  INTRODUCTION 


Biamuth  aonofluoride  was  first  obstrvad  In  emission  (415*510  no)  by 
Mowell,  using  a  high-frequency  alactrloal  discharge  in  BiFg  vapor.1  Morgan2 
lndapandantly  observed  the  saae  radloal  in  absorption  (417*487  ran).  Since 
than,  the  visible  band  system  in  BiF  has  been  reinvestigated  with  such  higher 
resolution, ^"5  HM  found  to  follow  Hund's  ease  (c)  ooupling,  and  has  been 
assigned  to  the  AO*  ♦  X^O4  electronic  transition.  Although  the  A  and  X  states 
have  been  well  characterized  spectroscopically,  comparatively  few  kinetic 
studies  have  been  conducted  on  the  BIF  molecule.  Recent  investigations  in  a 
reactive  flow  tube  apparatus  have  demonstrated  that  it  is  possible  to  chemi¬ 
cally  produce  large  densities  of  electronically  excited  BiF  AO4  radicals.6 
These  results  have  generated  interest  in  developing  a  chemically  pumped  BiF 
A  ♦  X  laser  with  emission  at  a  number  of  lines  near  457  nm.  The  BiF(A) 
formation  was  postulated  to  occur  via  sequential  collisions  of  the  metastable 
NFU^)  atate  with  ground*atate  BIF  molecules,  a  chemical  pumping  scheme  made 

efficient  by  the  large  densities  of  NF(a)  that  can  be  maintained  through  a 
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chain  reaction  Involving  NF2  and  H2«  * 

The  development  of  a  BiF  A  ♦  X  chemical  laser  will  require  an  under¬ 
standing  of  the  kinetics  of  the  BIF  AO4  and  X^O4  states.  The  reactions  of 
NF(a)  with  the  ground  X^4  or  the  Intermediate  b04  metastable  states  have  been 
described  only  briefly.6  Prior  to  the  present  study,  virtually  nothing  was 
known  about  the  radiative  lifetime  and  kinetics  of  the  AO4  state.  The  A  state 
email  vibrational  spacing  (384  cm-1)  is  such  that  V-T  energy  transfer 
processes  are  expected  to  be  rapid  at  room  temperature  and  above.  In  the 
reactive  flow  tube  experiments,6  it  was  not  possible  to  accurately  measure  the 
AO4  radiative  lifetime,  although  it  was  estimated  to  lie  between  10"6  and 
10-7  g. 

In  this  report,  we  describe  experiments  in  which  a  tunable,  pulsed  dye 
laser  is  used  to  excite  selected  A  state  vibronlc  levels.  By  monitoring  the 
time  resolved  emission  from  laser-excited  A04,v'  under  oollislonless  condi¬ 
tions,  we  have  determined  the  radiative  lifetimes  for  several  AO4  vibrational 


•tattt  (V  -  0-3).  By  adding  buffer  gas  and  Monitoring  the  emission  from 
adjaeent  vibronie  levels  and  the  pumped  level,  we  have  obtained  the  rate 
coefficients  for  electronic  quenching  kqv,  and  vibrational-to-translational 
relaxation  (V-T),  kv,fV,.lf  by  He  and  Ar. 


II.  EXPERIMENTAL 


The  experimental  apparatus  is  depicted  schematically  in  Fig.  1.  The  BiF 
was  produced  using  a  Broida-type^*10  oven  mounted  in  a  water-cooled  chamber. 

An  alumina  crucible  containing  bismuth  metal  is  mounted  within  a  tungsten 
basket  and  heated  to  temperatures  up  to  1000  K.  At  such  temperatures ,  bismuth 
vapor  contains  approximately  equal  concentrations  of  Bi  and  Bi2  (-10  molec 
enT^).11  The  vapor  is  entrained  in  a  flow  of  He  or  Ar  from  a  ring  injector 
and  swept  up  through  the  conical  crucible  cap,  where  it  is  mixed  with  a  10} 
F2/He  mixture  at  the  cone  exit.  The  resulting  flame  is  blue  to  the  eye,  and 
the  emission  extends  from  ^11 0  to  810  nm.  The  majority  of  the  blue  emission 
can  be  attributed  to  the  BiF  A0+  system chemiluminescent  features  in 

the  red  can  be  assigned  to  the  AjO*  ■*  bO*  band  system.1^  The  Bi  atomic  line 
at  871*  nm  is  also  observed  in  the  flame.1^  The  mechanism  for  BiF*  production 
is  not  known,  but  the  direct  reactions  Bi2  ♦  F2,  Bi  ♦  F2,  and  Bl2  ♦  F  can  be 
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ruled  out  due  to  energetic  considerations.  This  weak  background  emission 
does  not  disturb  the  experiment,  because  pulsed  laser  excitation  and  time 
resolved  detection  were  used  in  the  study  of  the  BiF  A  state  kinetics.  With 
this  apparatus,  a  diluent  pressure  of  at  least  2  Torr  was  required  to  maintain 
a  steady  BiF  signal. 

The  BiF  A0*  radiative  lifetime  experiments  required  a  substantially 
lower  pressure  to  attain  single-collision  conditions.  For  these  experiments, 
the  Broida-type  oven  was  replaced  by  a  stainless-steel  boat  heater  that  served 
to  vaporize  the  bismuth  metal.  A  slow  flow  of  the  F2/He  oxidant  was  directed 
near  the  surface  of  the  molten  metal  to  produce  the  BiF.  Pressures  as  low  as 
20  mTorr  were  possible  with  this  system.  At  that  pressure,  the  mean  time 
between  collisions  is  -  5  ys,  which  is  greater  than  the  A  state  radiative 
lifetime  reported  below. 

The  gas  flows  were  measured  with  calibrated  (Matheson  601  and  603) 
flowmeters,  and  the  F2/He  flow  was  kept  much  smaller  (25  see  min”1)  than  that 
of  the  buffer  gas  (0.5-5  si  min”1)  to  avoid  further  reaction  of  BiF  with  F2  to 
form  BiFn.  Indeed,  the  BiF  signals  were  very  sensitive  to  the  F2/He  flow  rate 


Schematic  diagram  of  the  experimental  apparatus.  Inset  shows 
exploded  view  of  Bnoida  oven,  which  was  replaced  with  a  low-pressure 
"boat"  heater  for  the  lifetime  experiments. 


and  disappeared  for  flows  greater  than  50  see  min”1.  In  addition,  the  low 
oxidant  flow  ensured  that  the  kinetic  processes  investigated  were  mainly  due 
to  the  buffer  gas  rather  than  the  F2/He  mixture.  The  4-liter  cell  was 
evacuated  with  a  600  liter  min”1  pump  to  guarantee  rapid  product  removal.  The 
pressure  in  the  cell  was  varied  either  by  changing  the  buffer  gas  flow  rate  or 
by  throttling  the  vacuum  port.  Pressure  in  the  chamber  is  monitored  using  a 
capacitance  manometer  with  10-mTorr  resolution. 

An  excimer  pumped  dye  laser  (Lambda  Physik  EMC  101/FL  2001)  is  directed 
into  the  chamber  through  baffled  side  arms  to  reduce  scattered  laser  light. 

The  dye  laser,  operating  in  the  region  420-460  nm,  is  used  to  selectively 
excite  a  specific  BiF  A0*  vibronic  level  by  tuning  to  the  bandhead  of  a 
particular  A0*,v'  ♦  X10+,vw  transition.  The  resulting  fluorescence  was 
collected  by  an  F/1.0  condenser  lens  and  photomultiplier  tube  (PMT)  [EMI 
6236S,  "S"  (Q)  photocathode]  orthogonal  to  the  laser  beam.  Narrowband  (1  nir. 
FWHM)  interference  filters  were  inserted  in  front  of  the  PMT  to  isolate  the 
emission  from  a  single  A0*  state  vibrational  level.  The  six  filters  used  had 
maximum  transmission  near  the  heads  of  the  (0,2),  (1,3),  (1,4),  (2,2),  (3,5), 
and  (3,7)  A  •*  X  bands.  The  PMT  signals  were  recorded  by  a  100-MHz  transient 
digitizer  (Transiac  2001).  A  DEC  LSI  11/23  laboratory  computer  averaged  the 
signals  from  as  many  as  200  laser  shots  and  stored  the  results  for  archival 
and  further  analysis. 

BiF  excitation  spectra  were  obtained  by  tuning  the  dye  laser  and  record¬ 
ing  the  BiF  fluorescence  with  a  boxcar  integrator  (SRS  SR280).  The  narrowband 
filters  were  replaced  by  a  long-wave-pass  glass  filter  (Corning  3-71),  which 
enabled  BiF  emission  with  wavelengths  longer  than  500  nm  to  be  detected.  The 
output  of  the  boxcar  was  digitized  with  an  analog-to-digital  converter,  and 
the  resulting  spectra  were  stored  in  the  computer. 

The  temperature  of  the  flame  was  recorded  by  a  thermocouple  and  was 
confirmed,  at  one  pressure,  by  a  rotational  line  analysis  of  BiF(X0*)  using  a 
cw  ring  dye  laser  (Coherent  699-21,  linewidth  -  20  MHz).  The  temperature  was 
measured  at  each  experimental  pressure  (443  K  at  1  Torr,  -523  K  at  8  Torr). 

In  the  analysis  of  kinetic  data,  the  measured  temperature  was  used;  however, 
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no  attempt  Mas  made  to  model  any  slight  dependence  of  the  rate  coefficients 
over  this  range  of  485  ±  40  K. 

The  following  materials  were  used  in  the  experiments  without  further 
purification:  105  ?2  ln  He  (Spectra  Gases),  Ar  (Matheson  UHP  99.9995),  He 
(Air  Products  99.9955),  and  bismuth  metal  (Allied  Chemical  99.85). 


III.  RESULTS 


A.  BiF  AO*  RADIATIVE  LIFETIME 

Decay  curve?  obtained  from  the  time  behavior  of  BiF  AO*  *  X^*  (v',v") 
emission  were  fit  to  a  single  exponential  function  to  determine  the  radiative 
lifetime  for  a  particular  v*  level.  The  data  could  be  fit  to  times  greater 
than  three  lifetimes  for  all  levels.  Typical  experimental  data,  along  with 
the  fit,  are  plotted  in  Fig.  2.  For  each  A  state  vibrational  level  studied, 
run?  were  made  at  ?everal  pressure?  ranging  from  20  to  50  mTorr.  In  all 
cases,  the  measured  lifetimes  did  not  change  within  the  experimental  error, 
Indicating  that  the  results  are  independent  of  collisional  effects.  To 
determine  whether  radiation  trapping  was  negligible,  several  runs  were 
performed  with  increasing  BiF  density  by  varying  the  temperature  of  the  boat 
heater  ±200  K.  Again,  the  lifetimes  remained  constant.  The  results  are  shown 
in  Table  I  along  with  the  data  for  the  BiF  A  state  kinetics,  which  are 
described  in  the  following  subsection.  For  the  A  state  vibrational  levels 
investigated  (v'«  0-3),  the  measured  radiative  lifetime  is  1.A  ±  0.1  ys. 

B.  BiF  A0*  STATE  KINETICS 


Following  initial  laser  excitation  on  a  single  A  «-  X  (v',v" )  band,  the 
time  derivative  of  the  population  of  an  A  state  vibronic  level  can  be  modeled 

as 


+M(k 


■1  ,v,Nv’-1 
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where  NA  is  the  population  of  level  v1,  M  is  the  buffer  gas  concentration,  ty, 
is  the  radiative  lifetime,  kqv,  is  the  electronic  quenching  rate  coefficient, 
and  k|  j  are  the  vibrational  transfer  rates  from  level  i  to  level  J.  In  this 
model,  multiquanta  vibrational  transfer  collisions  are  neglected.  For  BiF  A, 
the  time  scale  of  vibrational  energy  transfer  is  comparable  to  the  radiative 
decay  for  several  torr  of  buffer  gas.  Electronic  quenching,  however,  is  at 
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Fig.  2.  BiF(AO+,  v'  «  0  •*  XO4,  v"  •  2)  radiative  decay  at  30  uTorr  He  and 

corresponding  single  exponential  fit.  The  decay  curve  is  the  average 
of  100  shots.  The  fit  represents  a  lifetime  of  1.<tA  ps . 


TABLE  I.  Radiative  Lifetiaws,  Electronic  Quenching  Rate  Coefficients, 
and  V  •»  T  Relaxation  Rate  Coefficients  for  B1F(A04)* 


LEVEL 

■'RAD 

(ws) 

•ir(A0*,v  A0*.v-1) 

(ca3  aolee-1  s’1) 

*1 7 (A0* .  V  - 
(ea3  aolee 

»:  x,b,*2) 
s'1) 

At 

Ne 

hr 

He 

V-0 

1.AA 

3.8  ■  10'13 

3.5  «  10’13 

V-l 

1.30 

1.5  ■  10’12 

8.1  >  10’12 

A.  3  ■  10’13 

3.8  «  10-’ 3 

v-2 

1.AA 

5.7  ■  10’12 

1.8  ■  10’n 

5.0  ■  10’13 

A. 3  •  10’13 

v-3 

1.A7 

1.1  •  10’11 

3.5  «  10’11 

8.1  ■  10’’3 

5.0  ■  10’13 

•aOTESs 

1.  Radiative  llfetlaes  quoted  to  >  0.1  wo. 

2.  The  error  in  ell  rote  coefficient*  is  estlaeted  to  be  t50S  u  derived 
froe  a  sensitivity  test  of  our  fitting  routine. 

3.  Pressure  ranges:  0  to  8.2  Torr. 
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least  an  order  of  magnitude  slower  under  similar  conditions.  Under  these 
circumstances,  extraction  of  the  quenching  and  vibrational  state-to-state 
transfer  rate  constants  from  the  LIF  emission  time  profiles  of  single  A,v’  ■* 
X,v"  vibronic  bands  is  not  feasible. 

In  the  experiment  described  here,  we  Initially  excite  BiF(A0+,  v'-1) 
and  the  time  resolved  emission  from  the  v*-0,1,2,3  vibrational  levels  is 
recorded.  The  observed  emission  intensity  from  level  v'  is  proportional  to 
the  population  in  that  level  and  is  given  by 

lyt  *  G  Fyl  Sy  |  Qy*  ylt  Nyt  V  (2) 

where  Iv,  is  the  emission  intensity,  G  is  a  constant  depending  on  the  detec¬ 
tion  geometry,  Fy,  is  the  filter  transmission  and  fractional  overlap  with  the 
(v',v")  band,  Sy,  is  the  PMT  sensitivity  at  the  wavelength  of  the  (v',v") 
band,  qy,  yW  is  the  Franck-Condon  factor  for  the  transition,  Ny,  is  the 
population  of  level  v',  and  v  is  the  transition  frequency  at  the  (v'.v") 
bandhead . 

Our  analysis  required  that  an  internally  self-consistent  and  calibrated 
data  set  be  generated  for  each  buffer  gas  pressure.  So  that  relative  popula¬ 
tions  for  different  vibrational  levels  could  be  obtained  from  the  experimental 
data,  the  factors  appearing  in  Eq.  (2)  were  determined.  The  detection 
geometry  was  not  changed  during  the  experiments,  so  the  factor  G  is  constant 
for  all  levels  studied.  The  PMT  wavelength  sensitivity  was  calibrated  using  a 
tungsten  ribbon  filament  pyrometer  lamp  (GE  SR  8A).  The  contours  of  filter 
transmission  curves  were  measured  by  passing  blackbody  radiation  through  the 
filters.  The  transmitted  light,  along  with  the  emission  from  an  atomic  neon 
lamp  for  absolute  wavelength  calibration,  was  dispersed  by  a  monochromator  and 
Imaged  on  an  optical  multichannel  analyzer  (PAR  OMA  III).  This  procedure 
enabled  the  wavelengths  of  the  transmission  peaks  to  be  determined  with  an 
estimated  error  of  0.02  nm.  The  absolute  transmission  of  the  filters  was 
obtained  using  a  Beckman  model  UV  5240  spectrophotometer.  The  convolution  of 
the  filter  transmission  curves  with  the  (v*,v")  bands  was  then  calculated  by 


summing  the  rotational  lines  for  the  particular  band,  weighted  by  the  filter 
transmission.  Assumed  was  a  rotational  equilibrium  at  the  temperature  in  the 
laser  Interaction  zone  as  measured  with  a  thermocouple. 

To  extract  the  rate  coefficients  for  electronic  quenching  and  V-T  trans¬ 
fer,  we  used  a  model  with  parameters  kqy,  and  kv,fV,+1  to  fit  the  data  for  the 
time-dependent  population  density.  A  computer  program  was  written  to  numeri¬ 
cally  Integrate  the  rate  equations  for  the  vibrational  levels  studied,  namely, 
v'-  0-3.  Equation  (1)  is  the  general  form  used.  The  simultaneous  equations 
are  solved  using  a  finite  difference  calculation  of  the  population  Nv,  for 
each  Iteration  of  the  parameters  kv,  and  kv,vi4l.  The  rate  constants 
kv'+l.v'  were  calculated  by  detailed  balance.  The  values  for  the  radiative 
lifetimes,  tv,,  are  held  fixed,  since  they  were  determined  separately  in  the 
low-pressure  experiments.  Using  Initial  guesses  to  the  parameters  kv,  and 
kvi,v*«i«  as  generated  from  rise  and  fall  times  of  the  data,  the  program  seeks 
a  set  of  constants  that  minimizes  chi-squared  for  the  four  (v',vn)  time  pro¬ 
files  at  each  buffer  gas  pressure.  Figure  3  displays  the  data  for  V-  0,1, 2, 3 
and  the  corresponding  numerical  fit  at  a  He  pressure  of  1.5  and  8.2  Torr.  The 
data  obtained  with  A r  buffer  gas  are  comparable.  The  results  are  presented  in 
Table  1. 

The  error  in  the  rate  coefficients  cannot  easily  be  reduced.  In  this 
type  of  analysis,  errors  to  the  rate  coefficient  are  known  to  accumulate  for 
successive  v'  levels  from  the  initial  excitation  to  v‘-1,  because  rate 
constants  determined  for  a  specific  v'  level  are  used  in  calculations  for  each 
successive  v*  level  away  from  v'-1.  Therefore,  in  our  experiment  the  rate 
coefficients  (V-T  and  quenching)  for  v’-1  are  best  known  (have  smallest  error) 
followed  by  those  for  v'»0,2,  and  3,  respectively.  From  our  parameter 
sensitivity  analysis,  we  estimate  the  rate  coefficients  for  v'-1  and  v-0  to  be 
much  better  than  our  quoted  1o  error  of  ±50$.  However,  the  rate  coefficients 
for  levels  v'-2  and  3  are  larger  and  approach  ±50$. 


Fig.  3*  Time  evolution  profiles  of  BiF(A0*,v’  -  0,1, 2, 3)  fluorescence 

following  initial  excitation  to  v'  •  1  at  t  •  0  and  their  associated 
numerical  fits:  (a)  1.5  Torr  He,  set(b)  8.2  Torr  He.  Data  for  v'  ■ 
3  at  1.5  Torr  are  relatively  small  and  cannot  be  drawn  on  the  same 
scale  as  fluorescence  data  from  v*  -  0,1,2.  At  8.2  Torr  the  fit  to 
v'  -  2  shows  a  larger  discrepancy  with  the  data.  This  anomalous 
difference  cannot  be  explained  and  may  be  due  to  a  calibration  error 
for  the  particular  run.  An  attempt  to  force-fit  v'  -  2  data  results 
in  gross  fits  for  v’  -  0,  1,  and  3. 
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IV.  DISCUSSION 


A.  BiF  AO*  RADIATIVE  LIFETIME 

The  results  of  our  experiments  show  that  BiF  may  be  a  good  candidate  for 
a  visible  laser  pumped  via  chemical  excitation.®  Like  the  Interhalogens, 

IF, ^  BrF,1®  and  BrCl,1^  which  have  been  considered  to  be  particularly 
promising,  B1F(A)  also  has  kinetic  and  radiative  properties  that  make  it 
attractive.  The  measured  1.4-ys  BiF(A)  radiative  lifetime  and  the  proposed 
lasing  frequency  (-  457  nm)  make  the  cross  section  for  stimulated  emission  for 
BiF(A  ♦  X)  somewhat  larger  than  that  for  IF(B  -»  X). 

Recently,  an  optically  pumped  IF(B  X)  laser,  operating  in  the  red,  has 
been  demonstrated.1®  The  kinetic  properties  of  the  IF(B)  are  also  very  simi¬ 
lar  to  our  results  for  BiF(A) . 1 ®  We  have  found  that  BiF(A)  electronic 
quenching  is  inefficient  for  He  and  Ar,  and  that  collisional  thermal ization 
within  the  A  state  vibrational  manifold  can  be  accelerated  more  than  radiative 
and  quenching  processes.  Therefore,  population  pumped  into  the  vlbronic 
manifold  of  BlF(A)  will  quickly  redistribute  to  populate  low  v'  states. 

For  the  interhalogen  species,  such  redistribution  is  a  distinct  advan¬ 
tage,  because  these  molecules  exhibit  an  equilibrium  lnternuclear  separation 
of  the  B  state  that  is  much  greater  than  that  of  the  X  state.  This  difference 
causes  the  most  probable  radiative  transitions  from  low  B,v'  states  to  termi¬ 
nate  on  high  X,v"  levels.  Since  the  equilibrium  population  of  these  high  v" 
states  is  much  less  than  that  of  v"-0,  X  state  vibration  relaxation  facili¬ 
tates  establishment  and  maintenance  of  a  population  inversion.  In  the  case  of 
BiF,  the  shift  of  equilibrium  internuclear  separation  is  not  so  large:  The 
largest  Franck-Condon  factors  from  BiF{A,v'-0)  are  to  BiF(X,v"-0, 1 )  with 
nearly  equal  probability. 3  Therefore,  a  BiF  laser  may  have  a  reduced 
efficiency  caused  by  partial  "bottlenecking"  in  the  ground  vibrational  states. 

Our  experiments  yielded  no  variation  in  the  radiative  lifetime  with 
increase  in  v*.  The  BiF(A0* )  state  is  known  to  be  perturbed  by  at  least  two 
other  electronic  states  that  are  predicted  to  emit  to  the  radiatively 


metastable  a2  and  bO*  electronic  states. 3  Emission  to  these  aetastable  states 
will  rob  population  from  potential  lasing  transitions.  Spectroscopic  analysis 
has  revealed  these  features  to  be  rotational  perturbations  that  occur  at 
higher  v'  states  (V>5).  Since  we  did  not  measure  radiative  lifetimes  from 
selected  rovlbronic  states,  our  results  reflect  an  average  radiative  lifetime 
for  that  particular  vibrational  state.  Although  rotational  perturbations,  as 
evidenced  by  possible  changes  in  the  lifetime,  would  not  be  seen  in  our  exper¬ 
iment,  our  results  support  the  spectroscopic  studies  in  that  no  change  in  the 
radiative  lifetime  was  observed  for  vibrational  levels  up  to  and  including 
v'-3. 

B.  BiF  AO*  STATE  KINETICS 

In  Table  I,  we  list  the  rate  coefficients  as  generated  from  the 
multi parameter  fit  for  electronic  quenching  by  A r  and  He  buffer  gas.  Argon  is 
slightly  more  efficient  than  He  in  quenching  B1F(A) .  That  Ar  is  larger  and 
more  polarizable  could  account  for  the  difference.20  Generally,  the  B1F(A) 
electronic  quenching  rates  for  Ar  and  He  buffer  gas  are  small  and  do  not  com¬ 
pete  with  the  radiative  rate  for  pressures  less  than  MO  To rr.  At  8  Torr  of 
buffer  gas,  the  rate  of  electronic  quenching  for  a  vlbronic  level  is  l0f-30% 
of  the  radiative  rate.  When  compared  with  existing  data  for  the  Interhalogens, 
He  quenches  B1F(A)  at  least  an  order  of  magnitude  faster  than  it  does  IF(B), 
for  which  an  upper  limit  of  1  «  10"114  cm3  molec"1  s"1  is  given. A  similar 
comparison  can  be  made  with  the  quenching  of  BrF(B)  by  Ar,  with  quenching  of 
BiF(A)  again  being  faster  by  an  order  of  magnitude.1^ 

A  trend  of  Increasing  electronic  quenching  with  increase  in  v'  was  also 
Indicated  for  both  He  and  Ar  buffer  gases,  a  dependence  that  has  been  observed 
in  other  molecules,  such  as  I221  and  IF.1^  Whereas  theoretical  models  for 
electronic  quenching  in  molecules  do  not  specifically  Incorporate  the 
vibrational  dependence,  classical  scattering  arguments  show  that  in  general 
there  is  a  dependence  on  electronic  quenching  with  the  hard  sphere  collision 
diameter,  which  may  be  related  to  a  critical-impact  parameter  bc  found  in  more 
developed  theories.22  For  a  harmonic  oscillator  molecule,  one  would  expect  an 
increase  in  bc  with  increase  in  v’,  and  this  increase  would  be  larger  for  the 
enharmonic  BiF(A0*)  (w#  •  383.8  cm"1,  wftxe  ■  3-5  cm"1).  The  observed  trend  of 


•  general  increase  in  the  quenching  with  v'  say  support  the  conclusion  that 
nearby  electronic  states  do  not  perturb  the  vibrational  levels  up  to  v'-3, 
causing  increased  quenching  at  a  specific  v'.  Spectroscopic  evidence^  shows 
that  nearby  electronic  states  perturb  BiF(A04)  at  higher  vibrational  levels, 
v'  >  6. 

Table  1  lists  the  Measured  vibratlonal-to-translational  energy  transfer 
rate  coefficients.  Given  that  the  average  vibrational  spacing  is  only 
370  on-1  (w#  -  383.8  cm”1),  and  that  under  our  experinental  conditions  kT  is 
363  cm'1  (T  -  523  K),  the  V-T  energy  transfer  rates  in  BiF(A)  are  expected  to 
be  fast.  This  speed  is  evident  in  the  kinetic  studies  of  IF(B)  in  which  the 
downward  V-T  rates  for  v'-3  and  4  for  the  He  quencher  were  Measured  as 
5. A  ■  10”12  and  6.9  *  10”12  cm^  noiec”1  s”1,  respectively.1^  For  IF(B)  the 
average  vibrational  spacing  is  389  cm*1 ,  and  in  those  experiments  kT  -  208 
cm”1 . 

Our  results  show  that  the  V-T  rate  coefficients  for  He  are  larger  than 
those  for  Ar  buffer  gas.  However,  the  calculated  probability  for  V-T  transfer 
is  the  same  for  both  collision  partners.  The  apparent  difference  largely 
reflects  the  difference  in  the  translational  velocity  between  He  and  Ar.  In 
the  fitting  of  the  data  for  both  the  IF(B)  studies  and  our  BiF(A)  experiments, 
the  V-T  transfers  were  limited  to  one  quantum  of  vibration.  For  an  adiabatic 
collision,  the  probability  of  a  multiquanta  (e.g.,  Av-2)  transition  was  shown 
by  Herman  and  Shuler2^  to  be  related  to  the  anharmonicity  constant  xfi.  Using 
the  known  constants  for  BiF(A),  the  probability  for  a  Av-2  transition  is 
approximately  5  *  10”3  that  of  a  single-quantum  transfer.  We  tested  this 
prediction  by  Including  V-T  rates  for  Av-2  transitions  in  our  multiparameter 
fitting  routine.  The  rates  for  the  multiquanta  transfer  were  included  as  a 
percentage  of  the  single-quantum  rate. 

We  observed  no  difference  in  the  fits  for  the  probability  of  Av-2 
transition  of  up  to  20t.  For  high  vibrational  levels  (v'-23,2k,25)  of  I2(B), 
the  probability  of  Av-2  transitions  was  measured  to  be  nearly  20% ; 214  however, 
at  those  levels,  the  vibrational  spacing  is  165  cm"1,  where  kT  was  28k  cm”1. 

In  our  experiment,  kT  is  more  nearly  equal  to  the  energy  spacing  of  the 
vibrational  levels. 


Classical  models  for  V-T  energy  transfer  predict  that  the  V-T  downward 
transition  rates,  kjj_.,  from  vif  will  scale  as  vA  for  low  vibrational 
levels.  In  the  plot  of  our  state-to-state  rate  coefficients  (Fig.  k),  ki  i_1 
versus  v*  for  both  He  and  Ar  buffer  gases,  the  dependence,  given  by  the  linear 
fit,  is  more  than  He  attempted  to  fit  our  digitized 

experimental  data  to  a  model  that  Incorporated  the  classical  v'  scaling,  as 
discussed  by  Millikan  and  White2^  and  elaborated  by  Montroll  and  Shuler.2^ 

The  model  could  reasonably  fit  LIF  emission  data  from  the  adjacent  v'sO 
vibrational  level  following  initial  excitation  to  v'sl.  However,  the  LIF 
emission  fits  to  v's2  and  v'=3  were  not  as  good.  We  conclude  that,  using 
these  models  for  v'  scaling  of  the  V-T  rates,  we  cannot  comprehensively  model 
the  Intravibrational  relaxation  in  BiF(A,v').  To  date  there  does  not  seem  to 
be  a  satisfactory  theoretical  model  to  explain  the  strong  v  dependence 
observed  in  fast  V-»R,T  processes.  Recent  results  by  D2elzkalns  and  Kaufman2? 
on  vibrational  relaxation  of  HF/DF  (v's9-12,  with  Av  =  1-1900  cm-1)  by  HF/DF 
support  our  observations.  Most  of  the  V*R  models  suggest  that  the  relaxation 
is  intramolecular,  thus  permitting  V*R  in  BiF  even  though  the  collision 
partner  is  monatomic. 

To  our  knowledge  these  results  provide  the  first  excited-state  kinetic 
and  lifetime  information  on  the  heavier  group  V  A-halogen  radical  species. 

tt  * 

Lifetime  and  some  kinetic  information  is  known  for  the  NF  and  PF  species, 
but  only  spectroscopic  information  is  available  for  AsF*,  SbF*,  and  BiF*.  The 
increasingly  complicated  spectroscopy--due  in  part  to  excited-state  perturba¬ 
tions,  Hund's  case  (c)  coupling,  spin-spin  splitting,  and  the  difficulties 
associated  with  selectively  preparing  these  species — is  at  least  partially 
responsible  for  this  lack  of  data. 
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Fig.  Measured  V-Kkj  j_i)  energy  transfer  rate  coefficients  as  a  function 
of  v’  for  He  ani  Ar. 
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V.  SUMMARY 


An  experimental  study  was  performed  in  which  the  BiF(A04)  radiative 
lifetime  was  measured  for  several  v*«0-3,  and  the  electronic  quenching  and  V-T 
rate  coefficients  were  also  measured  with  the  rare  gases  He  and  Ar  for  those 
v'.  The  results  indicate  that  Ar  is  slightly  more  efficient  than  He  in 
electronic  quenching.  For  both  gases,  the  quenching-rate  constant  increases 
with  v',  a  result  that  is  predicted  from  classical  models.  The  quenching 
rates  become  competitive  with  the  radiative  decay  rate  only  for  pressures  in 
excess  of  40  Torr.  The  vibrational  relaxation  (V-T)  rate  constants  for  all 
levels  studied  are  at  least  an  order  of  magnitude  greater  than  those  for 
electronic  quenching.  These  rates  oompete  effectively  with  radiative  decay 
for  buffer  gas  pressures  on  the  order  of  3  Torr.  Hence,  rapid  equilibrium 
within  the  AO4  vibrational  manifold  will  occur  at  moderate  pressures  followed 
by  a  slower  decay  of  this  equilibrium,  governed  by  quenching  and  spontaneous 
emission.  Contrary  to  the  behavior  predicted  by  the  classical  harmonic 
oscillator  model,  the  vibrational  relaxation  rate  coefficients  are  not 
proportional  to  v'.  The  reported  V-T  rate  coefficients  scale  as  v1,7  for  both 
He  and  Ar,  for  v'»  0-3.  The  measured  A  state  radiative  lifetime  (1.4  us)  does 
not  vary  within  experimental  error  for  the  v*  levels  investigated. 
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